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Abstract 6 
Hollow concrete columns (HCCs) are one of the preferred construction systems for bridge 7 
piers, piles, and poles because they require less material and have a high strength-to-weight 8 
ratio. While spiral spacing and concrete compressive strength are two critical design parameters 9 
that control HCC behavior, the deterioration of steel reinforcement is becoming an issue for 10 
HCCs. This study explored the use of glass-fiber-reinforced-polymer (GFRP) bars as 11 
longitudinal and lateral reinforcement in hollow concrete columns and investigated the effect 12 
of various spiral spacing and different concrete compressive strengths (𝑓𝑐
′). Seven hollow 13 
concrete columns with inner and outer diameters of 90 mm and 250 mm, respectively, and 14 
reinforced with six longitudinal GFRP bars were prepared and tested. The spiral spacing was 15 
no spirals, 50 mm, 100 mm, and 150 mm; the 𝑓𝑐
′ varied from 21 to 44 MPa. Test results show 16 
that reducing the spiral spacing resulted in increased HCC uniaxial compression capacity, 17 
ductility, and confined strength due to the high lateral confining efficiency. Increasing 𝑓𝑐
′, on 18 
the other hand, increased the axial-load capacity but reduced the ductility and confinement 19 
efficiency due to the brittle behavior of high compressive-strength concrete. The analytical 20 
models considering the axial-load contribution of the GFRP bars and the confined concrete 21 
core accurately predicted the post-loading behavior of the HCCs. 22 
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 39 
INTRODUCTION 40 
Hollow concrete columns (HCCs) are one of the preferred construction systems in civil 41 
infrastructures—including bridge piers, ground piles, and utility poles—to minimize the 42 
overall weight and reduce costs given the small amount of concrete in the column itself and the 43 
underlying foundations. HCCs are also considered a practical solution to increase the strength-44 
to-mass ratio of structures compared to the solid concrete columns (Lignola, et al., 2007, 45 
Kusumawardaningsih and Hadi, 2010, Hadi and Le, 2014, Lee, et al., 2015). Designing an 46 
HCC with sufficient strength and reliable structural performance, however, requires careful 47 
consideration of some critical parameters, including lateral-reinforcement details and concrete 48 
compressive strength (Zahn, et al., 1990, Mo, et al., 2003, Lignola, et al., 2007, Lee, et al., 49 
2015, Liang, et al., 2015). Lignola, et al. (2011) stated that providing widely spaced lateral 50 
reinforcement (greater than 400 mm) in HCCs leads to brittle failure, premature longitudinal-51 
bar buckling, and decreased ductility. On the other hand, Lee, et al. (2015) indicated that 52 
reducing the lateral-reinforcement spacing from 80 mm to 40 mm increased ductility by 20% 53 
and minimized the damage in the inner concrete core. In addition, Mo, et al. (2003) found that 54 
increasing the concrete compressive strength from 30 MPa to 50 MPa yielded stiffer 55 
compression resistance in HCC, but with up to a 50% reduction in deformation capacity due to 56 
faster crack propagation and easier concrete splitting. Based on these studies, it can be 57 
concluded that the deformation capacity of steel-reinforced HCCs is significantly affected by 58 
lateral-reinforcement details, while their mode of failure is associated with concrete 59 
compressive strength.  60 
In aggressive environments, the steel reinforcement in concrete columns is highly vulnerable to 61 
corrosion, leading to the development of a rusted shell around the reinforcement and its 62 
expansion of about 6 to 10 times its original volume (Verma, et al., 2014). This process initiates 63 
hairline cracks in the concrete that progress into wide cracks, which significantly reduces the 64 
ultimate axial capacity and leads to the brittle failure behavior of concrete columns owing to 65 
the damage to the lateral reinforcement (Pantelides, et al., 2013). Steel corrosion costs the 66 
Australian economy more than $13 billion per year (Cassidy, et al., 2015), while Canada and 67 
the US spend from $50 to 100 billion on repairing deteriorated concrete structures (Tannous, 68 
1997; Manalo, et al., 2012). This issue has motivated many researchers around the world to 69 
investigate the use of high-strength and non-corroding reinforcement in building new concrete 70 
structures. 71 
Fiber-reinforced-polymer (FRP) reinforcing bars are now becoming an effective alternative in 72 
concrete structures because of their non-corroding properties. FRP bars have also proven to be 73 
promising as longitudinal reinforcement in concrete columns due to them having higher 74 
strength and strain capacity than steel (Manalo, et al., 2014, Maranan, et al., 2018). In 75 
particular, glass-FRP (GFRP) bars are considered to be the most cost-effective, non-corroding 76 
composite reinforcing material (Benmokrane, et al., 1995). GFRP-reinforced solid concrete 77 
columns have been successfully tested and exhibited enhanced post-loading response (the 78 
response after spalling of the concrete cover) owing to the increased deformation capacity of 79 
the columns and adequate confined strength because of the high tensile strength of the lateral 80 
GFRP reinforcement (Pantelides, et al., 2013, Hadi, et al., 2016). Despite GFRP bars having 81 
lower elastic moduli than steel, Pantelides, et al. (2013) noted an improvement of 3% and 5% 82 
in the confined strength and ductility, respectively, of solid concrete columns due to the 83 
ineffectiveness of the steel reinforcement in providing confinement after yielding. Moreover, 84 
Hadi, et al. (2016) highlighted the benefit of using GFRP reinforcement instead of steel in solid 85 
concrete columns. Their comparison of the behavior of solid concrete columns reinforced with 86 
6 pieces of 14.6 mm diameter longitudinal GFRP bars and other concrete columns with 6 pieces 87 
of 12.0 mm diameter steel bars showed that the GFRP-reinforced columns had 4% higher 88 
ductility than the steel-reinforced columns. In addition, the ductility of the GFRP-reinforced 89 
columns was further enhanced by up to 33% when the spacing between spirals was reduced 90 
from 60 mm to 30 mm. Similar to the case of steel-reinforced HCCs, these studies showed that 91 
both spiral spacing and concrete compressive strength are important design parameters that 92 
affect the behavior of solid columns reinforced with GFRP bars and spirals. It is therefore 93 
essential to determine the effects of these design parameters on the behavior of HCCs 94 
reinforced with GFRP bars. The significance of this work, on the other hand, lies with it 95 
extending previous attempts by (AlAjarmeh, et al., 2019a) and (AlAjarmeh, et al., 2019b) in 96 
investigating the effect of different inner-to-outer (𝑖/𝑜) diameter ratios and reinforcement ratios 97 
(𝜌), respectively, of HCCs with GFRP reinforcement. The test results show that creating a 98 
hollow within the concrete columns changed their failure mode from brittle to a more ductile 99 
and progressive mode. In addition, an increase of 22% and 74% in the confined strength and 100 
ductility factor were observed. Moreover, they concluded that the increase in 𝑖/𝑜 ratio led to a 101 
gradual failure and more stability in the loading history. In contrast, increasing 𝜌 increased the 102 
strength and significantly contributed to lateral confinement. 103 
This study aimed at investigating the effectiveness of GFRP bars and spirals as internal 104 
reinforcement in HCCs. It focused on evaluating the effect of lateral spiral spacing and concrete 105 
compressive strength on the failure mode, load–deformation behavior, ductility, and confined 106 
strength of hollow concrete columns. Understanding the behavior of this new construction 107 
system will help narrow the current knowledge gap related to using GFRP bars as internal 108 
reinforcement in concrete compressive members, and will provide additional data for 109 
establishing design guidelines and specifications on the use of GFRP reinforcement in hollow 110 
concrete columns. 111 
EXPERIMENTAL PROGRAM  112 
Materials 113 
Reinforcement 114 
Grade III #5 GFRP bars with a 15.9 mm nominal diameter (CSA, 2012), as shown in Fig. 1(a), 115 
were used to reinforce the hollow concrete columns longitudinally. The transverse 116 
reinforcement was Grade III #3 GFRP spirals with a 9.5 mm nominal bar diameter and an 117 
inside diameter of 180 mm, as shown in Fig. 1(b). This type of transverse reinforcement was 118 
adopted as it provides higher lateral confinement to the concrete core compared to conventional 119 
circular hoops (Maranan, et al., 2016). The GFRP bars and spirals were manufactured by 120 
pultruding glass fibers impregnated with vinyl-ester resin, and then coating the outer surface 121 
with sand. Table 1 provides the physical and mechanical properties of the GFRP bars, as 122 
reported before by Benmokrane, et al. (2017) for the same reinforcements which were 123 
manufactured from the same production lot, denoted that the standard deviation values are 124 
included between brackets. As recommended by CSA S806 code (CSA, 2012), the tensile 125 
strength and modulus of elasticity of the GFRP bars were calculated using the nominal bar 126 
area. It should be noted that the mechanical properties in Table 1 are for straight bars and the 127 
ultimate tensile strength of spirals was calculated based on CSA S806 code (CSA, 2012).        128 
Concrete  129 
Four different levels of normal-strength concrete were cast in the column samples. One mix 130 
was a ready-mixed concrete with a maximum coarse aggregate size of 10 mm, slump of 131 
103 mm, an average compressive strength (𝑓𝑐
′) of 26.8 MPa, and a standard deviation (SD) of 132 
3.54 MPa. In addition, two batches of concrete were mixed in the laboratory with a maximum 133 
aggregate size of 10 mm and slumps of 91 and 106 mm for the samples with 𝑓𝑐
′ of 36.8 MPa 134 
(SD of 1.56) and 44.0 MPa (SD of 2.31), respectively. The other concrete mix was post-mixed 135 
concrete (ready-packed dry mix) with a maximum aggregate size of 3 mm and slump of 110 136 
mm, which gave an average 𝑓𝑐
′ of 21.2 MPa (SD of 3.12). The compressive strength of these 137 
concrete batches were measured by preparing six concrete cylinders 100 mm in diameter and 138 
200 mm in height for each concrete mix based on ASTM C31 specification (ASTM C31, 2015) 139 
and tested on the day of column testing according to the procedures described in ASTM C39 140 
specification (ASTM C39, 2015).  141 
Specimen Details 142 
Seven concrete columns fully reinforced with GFRP bars with overall dimensions of 250 mm 143 
in diameter and 1 m in height were cast and tested. The cross-section was determined based on 144 
the maximum capacity testing machine. On the other hand, the height-to-diameter ratio of the 145 
samples was 4, which ensured avoiding global buckling for the column samples as reported by 146 
Maranan, et al. (2016). All columns were longitudinally reinforced with six GFRP bars in 147 
accordance with the reinforcement details and ratio recommended in AS3600 code (AS3600, 148 
2011) for steel reinforcement owing to the lack of codes and standards regarding the use of 149 
GFRP bars in compression. Consequently, the reinforcement ratio of 2.79% was similar for all 150 
test columns, calculated by dividing the total area of the longitudinal GFRP bars (𝐴𝐹𝑅𝑃) 151 
(1,191 mm2) by the gross cross-sectional area of the columns (𝐴𝑔) (42,704 mm
2). Concrete 152 
columns were divided into two groups to investigate the effect of spiral spacing and concrete 153 
compressive strength: 154 
 Group A: Three columns were reinforced laterally with GFRP spirals with a spacing of 155 
50 mm, 100 mm, and 150 mm at the middle portion of the samples (500 mm). Another 156 
column without lateral reinforcement at the testing region (500 mm) was prepared to 157 
evaluate the effect of the lateral reinforcement. These lengths were chosen to ensure 158 
crushing failure in the bars with a length of 50 mm, 100 mm, and 150 mm and the bar 159 
buckling failure in the last sample, this finding was reported by Maranan, et al. (2016) 160 
who found that bar buckling failure occurred in bars with a length of more than 200 161 
mm. While CSA S806 code (CSA, 2012) recommends a clear spacing between spirals 162 
of less than 85 mm for the tested columns, the biaxial stress distribution in HCCs 163 
compared to the triaxial stress distribution in solid concrete columns (AlAjarmeh, et 164 
al., 2019a) requires that the most effective spiral spacing for HCCs be determined.   165 
 Group B: Four columns were cast with different concrete strengths (21.2, 26.8, 36.8, 166 
and 44.0 MPa) and tested. These levels of compressive strength were considered 167 
normal-strength concrete, as indicated in ACI 318-8 code (ACI, 2008). The 168 
reinforcement details for all columns were kept the same by the reinforcement ratio of 169 
2.79% and 100 mm spacing between lateral spirals to determine the effect of varying 170 
concrete compressive strength. Moreover, the adopted reinforcement details resulted in 171 
a stable load-carrying behavior and a gradual failure of the concrete core after the 172 
spalling of the concrete cover (AlAjarmeh, et al., 2019a). Choosing different levels of 173 
normal-strength of concrete led to significant change in the compressive behavior for 174 
hollow concrete columns as reported by Mo, et al. (2003).  175 
The top and bottom 250 mm of the height of all the columns were laterally reinforced with 176 
GFRP spirals at a closed spacing of 50 m to prevent stress-concentration failure at the column 177 
ends. The hollow section was created by inserting a 1 mm thick PVC pipe with an external 178 
diameter of 90 mm at the centre of the samples during casting. This resulted in a hollow 179 
concrete column with a constant inner-to-outer diameter ratio of 0.36, which was found to 180 
provide ductile behavior due to the progressive failure of the concrete cover, followed by 181 
crushing of the concrete core and longitudinal bars with no spiral failure (AlAjarmeh, et al., 182 
2019a, AlAjarmeh, et al., 2019b). It is worth mentioning that  Kusumawardaningsih and Hadi 183 
(2010) and Hadi and Le (2014) used an almost similar inner-to-outer diameter ratio for steel-184 
reinforced hollow concrete columns due to precisely capture the behavior of hollowness by 185 
using this ratio.  186 
Figure 2 shows the typical cross-section of the columns tested, while Table 2 provides the 187 
different volumetric ratios, spacing, and 𝑓𝑐
′. The volumetric ratios were calculated by dividing 188 
the volume of one spiral by the concrete-core volume within one spiral pitch. Columns were 189 
designated as either A or B to represent the specimen group, followed by the spiral spacing, 190 
and the concrete compressive strength 𝑓𝑐
′. For example, column A-100-26.8 is a GFRP-191 
reinforced hollow column from Group A with 100 mm spacing between lateral spirals and with 192 
𝑓𝑐
′of 26.8 MPa. Column B-100-26.8, on the other hand, is a GFRP-reinforced hollow column 193 
from Group B with 100 mm spacing between lateral spirals and with 𝑓𝑐
′ of 26.8 MPa.  194 
Test Setup and Instrumentation  195 
A total of six electrical-resistance strain gauges were attached to each column to measure the 196 
strain during testing. Two 3 mm long strain gauges were glued onto longitudinal GFRP bars at 197 
mid-height and also two on spirals at mid-height. The last two gauges were 20 mm in length 198 
and glued on the outer surface of concrete at the column mid height to measure the axial strain. 199 
Figures 3(a) shows the location of the strain gauges. Steel clamps measuring 50 mm in width 200 
and 10 mm in thickness were used at the top and bottom of the columns, in addition to 3 mm 201 
thick neoprene cushions were used to prevent premature cracking and ensure that failure 202 
occurred in the test region (column mid-height). In addition, 3 mm thick neoprene cushions 203 
were placed on the top and bottom of the columns for uniform load distribution. Moreover, 204 
wire mesh was used to cover the specimen for safety purposes and to prevent projectile debris 205 
upon column failure. Afterwards, the columns were tested under monotonic concentric loading 206 
with a 2,000 kN hydraulic cylinder. The applied load was measured with a 2,000 kN load cell, 207 
and the axial deformation was recorded with a string pot, as shown in Fig. 3(b). Throughout 208 
testing, the load, strain, and axial deformation were recorded with the System 5000 data logger. 209 
Failure propagation was also carefully observed and video recorded during the entire loading 210 
regime. 211 
BEHAVIOUR OF COLUMNS WITH VARIOUS SPIRAL SPACING  212 
Failure Mode 213 
Group A columns were tested under concentric compression load until failure. Lignola, et al. 214 
(2007) indicated that the general failure for hollow concrete columns reinforced with steel bars 215 
is controlled by bar buckling and concrete crushing with highly spaced lateral reinforcement. 216 
The hollow concrete columns tested in our study experienced different modes of failure owing 217 
to the GFRP bars having higher strength than the steel bars. Typically, the failure in all columns 218 
started as vertically spreading hairline cracks appearing on the outer concrete surface at 219 
advance loading levels. Once they appeared, the cracks propagated and widened, leading to 220 
different spalling features of the outer concrete cover, rupturing longitudinal GFRP bars, and 221 
damaging the concrete core, all of which are described in detail below. 222 
 A-N/A-26.8: This column experienced explosive spalling and failing of both the 223 
concrete cover and core, producing large concrete pieces falling from specimen mid-224 
height. Consequently, global buckling in the longitudinal GFRP bars without 225 
fracturing was observed, as shown in Fig. 4(a). 226 
 A-150-26.8: Limited concrete cover spalling localized at mid-height occurred in this 227 
column. Lateral expansion of the perimeter at mid-height was noted after concrete-228 
cover spalling, leading to final failure, as highlighted by rupturing of the longitudinal 229 
GFRP bars and massive damage to the concrete core, as shown in Fig. 4(b). No damage 230 
to the lateral spiral was observed.  231 
 A-100-26.8: Concrete-cover spalling in this column was gradual and continued until 232 
the entire column was affected. Lateral spirals held the concrete core and longitudinal 233 
bars. Final failure was due to rupture in the longitudinal GFRP bars and crushing of 234 
the concrete core at mid-height without damage to the lateral spirals, as shown in Fig. 235 
4(c).  236 
 A-50-26.8: Gradual overall concrete-cover spalling was observed, followed by lateral 237 
expansion in the concrete core, which was confined by the GFRP spirals. Sequential 238 
rupture of longitudinal GFRP bars in different locations throughout the column’s 239 
height and concrete crushing of the concrete at the bottom occurred caused by stress 240 
concentration, as shown in Fig. 4(d).  241 
The different failure mechanisms after spalling of the concrete cover were due to lateral-242 
reinforcement spacing. The above results indicate that the hollow concrete columns with 243 
narrower spiral spacing evidenced more progressive failure and less damage to the concrete 244 
core than the columns with wider spacing. Lee, et al. (2015) observed similar behavior with 245 
steel-reinforced hollow columns. This finding can be correlated to the unbraced length of the 246 
longitudinal GFRP bars, which tried to buckle with the application of the compressive load. In 247 
particular, the failure of the column without lateral reinforcement (A-N/A-26.8) was consistent 248 
with that of GFRP-reinforced solid concrete columns tested by Maranan, et al. (2016). In this 249 
case, the concrete cover and core experienced brittle and explosive failure due to the long 250 
unbraced length of the longitudinal GFRP bars. Narrow spiral spacing, however, stabilized the 251 
longitudinal GFRP bars and resulted in the column’s progressive failure. For all spiral-252 
reinforced columns, using GFRP reinforcement delayed final failure due to its higher axial 253 
deformation capacity compared to the steel-reinforced hollow concrete columns (Lignola, et 254 
al., 2007, Kusumawardaningsih and Hadi, 2010). 255 
Load-Deformation Behavior  256 
Spiral spacing affects the load–deformation, confined strength, and ductility behavior of hollow 257 
concrete columns reinforced with GFRP bars, as shown in Figure 5 and Table 3. As can be 258 
seen from Figure 5, all the columns had almost linear-elastic behavior up to the spalling of the 259 
concrete cover but with lower stiffness as the spiral spacing narrowed. Table 3 also provides 260 
the slope of the linear-elastic portion of the load–deflection curve, where the deformation is 261 
the axial displacement of the sample with respect to the original height of its top part. The 262 
lower axial stiffness for columns with narrower spiral spacing is due to the weaker plane 263 
between the outer concrete cover and the concrete core, creating a slender outer concrete shell. 264 
The columns with closer spiral spacing, however, had more stability than those columns with 265 
wider spiral spacing after concrete-cover spalling (post-loading behavior) owing to the better 266 
lateral confinement provided by the lateral reinforcement. Hadi, et al. (2016), Hadi, et al. 267 
(2017), and Maranan, et al. (2016) made similar observations. The spiral spacing also affected 268 
the first axial peak load of the hollow columns. This first peak load (𝑃𝑛1), denoted by the solid 269 
black circle in Figure 5, represents the load carried by both the unconfined concrete and 270 
longitudinal GFRP bars. The hollow concrete columns with closer spiral spacing exhibited a 271 
higher load than the columns with wider spiral spacing. Column A-50-26.8 had the highest 272 
load capacity, specifically 1%, 8%, and 17% higher than columns A-100-26.8, A-150-26.8, 273 
and A-N/A-26.8, respectively. This increase in the axial-load capacity—even with the same 274 
cross-sectional area and longitudinal reinforcement ratio—emphasizes the positive 275 
contribution of the lateral confinement in preventing crack propagation in the concrete. This 276 
led to a good distribution of the tensile stress in the concrete cover, resulting in spalling along 277 
the column height, as shown in Figure 4. 278 
While the spalling of the concrete cover after the uniaxial peak resulted in a drop of axial load, 279 
its level can be correlated to the spiral spacing. For the column without lateral reinforcement 280 
(A-N/A-26.8), the load dropped significantly, and the column was unable to carry more load. 281 
Providing spirals activated the lateral confinement at the load–deformation part after 𝑃𝑛1, so 282 
that columns A-50-26.8, A-100-26.8, and A-150-26.8 retained most of the applied load with 283 
only a 1%, 10%, and 7% reduction in 𝑃𝑛1, respectively. Karim, et al. (2016) made similar 284 
observations. After that point, the lateral expansion of the cracking concrete was restricted by 285 
the lateral spirals, allowing the column to continue resisting the applied load at the post-loading 286 
stage at which point the concrete cover no longer makes a load contribution. This load-carrying 287 
resistance was controlled by the column volumetric ratio (see Table 2), which prevented the 288 
concrete core from crushing and the unbraced length of the longitudinal bars from buckling 289 
and crushing. Because of the good confinement of the concrete core and longitudinal bars, 290 
column A-50-26.8 exhibited a second peak load (𝑃𝑛2) and had a confined strength 29% higher 291 
than columns A-100-26.8 and A-150-26.8. 𝑃𝑛2 can be traced by the cross (×) in Figure 5. Table 292 
3 shows that columns A-100-26.8 and A-150-26.8 had almost similar maximum confined 293 
strength values (𝑓𝑐𝑐
′ ), even with different spiral spacing. 𝑓𝑐𝑐
′  was calculated by dividing 𝑃𝑛2 by 294 
the concrete core area (𝐴𝑐𝑜𝑟𝑒) with a diameter denoted by the distance between spiral centres. 295 
The axial strain of the GFRP bars was, however, 13% higher in column A-150-26.8 than in 296 
column A-100-26.8, suggesting that neither a spacing of 100 mm nor 150 mm was able to 297 
increase the confined strength of the concrete core. Moreover, the column with 50 mm spiral 298 
spacing made the concrete core to fail more progressively than columns A-100-26.8 and A-299 
150-26.8. This was due to the efficiency of the closer spirals in delaying the crack progression 300 
in the concrete core and in reducing the unbraced length of the longitudinal GFRP bars. This 301 
also accounts for the higher ductility of the columns with smaller spiral spacing. For instance, 302 
column A-50-26.8 had 30% and 50% higher ductility than columns A-100-26.8 and A-150-303 
26.8, respectively. The ductility of the HCC was calculated as the ratio between ultimate 304 
deformation (∆𝑢) (represents the deformation at the failure point) to the yield deformation (∆𝑦) 305 
(represents the deformation at the level of the uniaxial load with respect to the extended linear-306 
elastic line), as suggested by Cui and Sheikh (2010). In the HCCs herein, the lateral spiral 307 
reinforcement provided nonuniform confining stress along the column height, resulting in 308 
crack development in the concrete core at the unconfined region, i.e. between spirals, 309 
decreasing column capacity after 𝑃𝑛2 [Figure 5]. Consequently, a narrower spiral spacing in 310 
the tested region yielded a longer descending part and the area under the load–deformation 311 
curve was larger than with the columns with wider spiral spacing, indicating that the column 312 
had higher toughness. Finally, columns A-50-26.8 and A-100-26.8 recorded a 7% and 2% 313 
higher failure load than A-150-26.8, since the closer spiral spacing protected the concrete core 314 
from sudden failure and gave the GFRP bars a chance to withstand greater axial loads. 315 
Load–Strain Behavior  316 
Figure 6 shows the load versus axial strain (negative sign) in the longitudinal GFRP bars and 317 
lateral strain (positive sign) in the spirals for Group A columns. These strain readings were 318 
taken as the average of the strain readings at longitudinal bars and spirals where the difference 319 
between the maximum and minimum strains did not exceed 5% of the average value. After the 320 
axial linear-elastic load–strain response, the columns started to show a nonlinear ascending part 321 
due to hairline cracks appearing in the concrete cover. Interestingly, the hairline cracks started 322 
to appear at a strain of around 1,500 𝜇𝜀 measured by the strain gauges attached to the concrete. 323 
This value is similar to the concrete cracking limit reported by Saatcioglu and Razvi (1992). 324 
This observation was further verified in column A-N/A-26.8, which failed after reaching this 325 
axial strain (𝜀𝑐,𝑃𝑛1) [Table 3]. In fact, the narrower the spiral spacing, the higher the ultimate 326 
recorded axial concrete strain due to the delay in crack propagation and greater concrete-cover 327 
stability. For instance, a strain (𝜀𝑐,𝑃𝑛1) of 1,455 𝜇𝜀, 1,952 𝜇𝜀, 2,162 𝜇𝜀, and 2,524 𝜇𝜀 was 328 
recorded in columns A-N/A-26.8, A-150-26.8, A-100-26.8, and A-50-26.8, respectively. In the 329 
longitudinal bars, the axial compressive-strain values at the first peak load (𝜀𝑏,𝑃𝑛1) were 1,645 330 
𝜇𝜀, 3,902 𝜇𝜀, 2,318 𝜇𝜀, and 3,884 𝜇𝜀 in columns A-N/A-26.8, A-150-26.8, A-100-26.8, and A-331 
50-26.8, respectively. These strain values are between 7% and 17% of the ultimate tensile strain 332 
of the GFRP bars, suggesting that they contributed significantly to the uniaxial compression 333 
capacity of the columns. Consequently, their contribution should not be ignored, as indicated 334 
in the current design codes (CSA, 2012, ACI, 2015). It is also noteworthy to mention that the 335 
GFRP spirals recorded significant lateral strain only after the column’s first peak load, 336 
indicating that the lateral reinforcement was activated and provided confinement only after the 337 
concrete cover spalled. 338 
After the cover spalled (post-loading stage), the longitudinal GFRP bars continued carrying a 339 
load, and the strain of the lateral spirals increased dramatically due to dilation of the concrete 340 
core. It is important to note in Fig. 6 that the strains in the longitudinal GFRP bars and spirals 341 
in columns A-100-26.8 and A-150-26.8 plateaued in the post-loading stage, unlike column A-342 
50-26.8 in which it continued to increase. This behavior indicates that the spiral spacing of 343 
100 mm and 150 mm were adequate to prevent the bars from buckling but not to prevent or 344 
delay the initiation of cracks in the concrete core (Fig. 4). From this result, it can be deduced 345 
that effective confinement is related more to the concrete core rather than the longitudinal bars, 346 
since GFRP bars have linear-elastic behavior up to failure. This finding also explains the 347 
observed final failure in all hollow columns tested, in which the longitudinal GFRP bars 348 
ruptured at a strain of 10,548 𝜇𝜀, 10,692 𝜇𝜀, and 13,539 𝜇𝜀 in columns A-150-26.8, A-100-349 
26.8, and A-50-26.8, respectively, as shown in Fig. 6. These strain levels ranged from 50.2% 350 
to 64.5% of the ultimate tensile strain of the GFRP bars. It is interesting to note that using a 351 
spiral spacing of 50 mm resulted in a 27% higher crushing strain of the GFRP bars than did 352 
100 mm and 150 mm spacing. The average of these values matches the proposed average of 353 
12,200 𝜇𝜀 ±1,200 𝜇𝜀 as the maximum compressive strain for GFRP bars suggested by Fillmore 354 
and Sadeghian (2018). 355 
Figure 6 shows that increasing the spiral spacing increased the efficiency of concrete-356 
core confinement and the longitudinal GFRP bars until failure. For instance, column A-150-357 
26.8 recorded the lowest lateral strain of 4,542 𝜇𝜀 at failure, since the widely spaced lateral 358 
spirals were unable to limit and delay crushing of the concrete core. On the other hand, column 359 
A-100-26.8 recorded 12,740 𝜇𝜀 at failure, resulting in a higher deformation capacity as can be 360 
seen in Fig. 5, while column A-50-26.8 recorded 6,507 𝜇𝜀. Although column A-100-26.8 had 361 
a higher lateral strain than column A-50-26.8, the latter had higher lateral confinement 362 
proportional to the vertical spacing between spirals. Finally, columns with closer spiral spacing 363 
showed higher engagement in terms of hoop stress in confining the concrete core proportional 364 
to the vertical spacing between spirals. Consequently, this study recommends the 50 mm 365 
spacing as lateral reinforcement for hollow concrete columns or the equivalent volumetric ratio 366 
to get significantly enhanced strength and ductility. The hoop stress was calculated by 367 
multiplying the spiral strain at the failure by its modulus of elasticity. 368 
Volumetric Strain Behavior  369 
Figure 7(a) shows the normalized first peak load for Group A columns. The normalized first 370 
peak load was calculated by dividing 𝑃𝑛1 by the multiplication of gross cross-sectional area of 371 
the column and characterized concrete compressive strength (𝑓𝑐
′ × 𝐴𝑔). The figure shows that 372 
the normalized first peak load (𝑃𝑛1) increased as the spacing between spirals narrowed. This is 373 
an interesting result as both the concrete strength and number of bars were the same for all 374 
columns. This finding indicates that the lateral confinement provided by the GFRP spirals 375 
contributed to the uniaxial compression capacity of the HCCs by preventing lateral plastic 376 
concrete dilation after the appearance of cracks and thereby enhancing the concrete’s 377 
compressive strength. This phenomenon can be explained by the volumetric strain (𝜀v) or the 378 
dilation rate of the concrete, which is defined in Eq. (1) for solid concrete columns (Mirmiran 379 
and Shahawy, 1997).  380 
𝜀𝑣 = 𝜀𝑐 + 2𝜀𝑟                              Eq. (1) 381 
where 𝜀𝑐 is the axial strain measured in the longitudinal GFRP bars and 𝜀𝑟 is the lateral strains 382 
measured in the GFRP spirals. This formula expresses the change of volume with respect to a 383 
unit volume in solid concrete columns loaded under a triaxial stress state. In a perfectly elastic 384 
condition for solid columns, the conventional slope of the ascending line between volumetric 385 
strain and axial strain is given as (1-2v) (Mohamed, et al., 2014), where v is the Poisson’s ratio 386 
of the concrete (equal to 0.2), as shown in Fig. 7(b). In this figure, positive 𝜀v represents volume 387 
reduction, whereas negative 𝜀v represents expansion. The curve’s deviation from the slope line 388 
represents crack initiation until the spalling of the concrete cover at 𝜀𝑣. A similar slope for 389 
HCCs was obtained by modifying Eq. (1) by multiplying 𝜀𝑟 by 3 instead of 2 to attain a slope 390 
of (1-2v). This means that the lateral dilation of the concrete in HCCs is lower than in solid 391 
columns. This is because of the nonuniform distribution of biaxial stresses in HCCs, which 392 
causes a portion of the concrete dilation to be inward, as also indicated by Cascardi, et al. 393 
(2016) or referred to the higher stability in the concrete core due to use hollow section allowing 394 
to show higher axial-to-lateral strain ratio as reported by Lignola, et al. (2008). Moreover, 395 
based on the slope equation, the Poisson’s ratio for the tested columns was 0.18, which is within 396 
the typical range for normal-strength concrete (0.15–0.22) (Mohamed, et al., 2014). According 397 
to Fig. 7(b), the spiral spacing significantly affected concrete stability by delaying the elastic 398 
dilation of the concrete, as shown by the higher volumetric strain at the higher axial 399 
compressive strain.  400 
BEHAVIOUR OF COLUMNS WITH DIFFERENT CONCRETE STRENGTH  401 
Failure Mode 402 
Group B columns, which had different concrete compressive strengths (𝑓𝑐
′), exhibited different 403 
failure modes in terms of spalling and the degree of damage of the concrete core. All, however, 404 
failed by the rupturing of longitudinal GFRP bars with the GFRP spirals remaining intact. 405 
Therefore, after the hairline cracks appeared on the outer concrete cover, column failure 406 
progressed as described below. 407 
 B-100-21.2: Cracks extended at the bottom half of the column, leading to spalling of 408 
the concrete cover. The cracks then propagated to the middle portion and the concrete 409 
core. This resulted in crushing of the entire concrete core at mid-height, as shown in 410 
Fig. 8(a).  411 
 B-100-26.8: Concrete-cover spalling in this column was gradual and continued until it 412 
affected the entire height, as shown in Fig. 8(b).  413 
 B-100-36.8: Vertical cracks along the column height appeared, followed by overall 414 
spalling of the concrete cover. Partial degradation was observed in the concrete core at 415 
different locations, which resulted in the rupture of GFRP bars at these locations [Fig. 416 
8(c)]. 417 
 B-100-44.0: Cracks extending and propagating at the mid-bottom half of the column 418 
height were observed, followed by splitting off of large concrete pieces at the outer 419 
concrete cover. Slow degradation in the concrete core resulted in the rupture of two 420 
longitudinal GFRP bars and loss of the concrete core, as shown in Fig. 8(d).  421 
From the above observations, it can be concluded that increasing the 𝑓𝑐
′ changed the failure of 422 
HCCs reinforced with GFRP bars from ductile to brittle. This was clearly evidenced by column 423 
B-100-44.0, which failed abruptly after the whole concrete core degraded, with limited failure 424 
in the longitudinal bars. Consistent with Mo, et al. (2003), column B-100-44.0 showed faster 425 
spalling of the concrete cover as flakes, compared to the other columns, which exhibited 426 
gradual concrete spalling. More longitudinal GFRP bars ruptured in the columns with lower 427 
𝑓𝑐
′, which can be attributed to the GFRP bars having a greater stiffness than the concrete, so 428 
the reinforcement carried more of the load after the concrete cover spalled. The localized 429 
concrete spalling in column B-100-21.2 can be explained by the smaller aggregate size (3 mm), 430 
which resulted in more micro-cracks between the concrete paste and the fine aggregate 431 
particles, which was also reported by Cui and Sheikh (2010). 432 
Load–Deformation Behavior  433 
The variation in 𝑓𝑐
′ (21.2 to 44.0 MPa) significantly affected the load–deformation behavior, 434 
confinement efficiency, and ductility of the tested HCCs. Figure 9 and Table 4 show that the 435 
use of higher concrete compressive strength resulted in stiffer load–deformation behavior 436 
because of the increase in the concrete’s elastic modulus from 21.6 GPa (𝑓𝑐
′ = 21.2 MPa) to 437 
31.2 GPa (𝑓𝑐
′ = 44 MPa). Predictably, increasing the 𝑓𝑐
′ increased the axial-load capacity at the 438 
first load peak (𝑃𝑛1) of columns B-100-26.8, B-100-36.8, and B-100-44.0, respectively, by 439 
31.1%, 73.1%, and 107.3% compared to column B-100-21.2. The insignificant deviation 440 
between these percentages with respect to the percentage increase of the concrete compressive 441 
strength can be related to concrete being a nonhomogeneous material that is affected by 442 
placing, compacting, and curing (Neville, 1995). The increase in 𝑓𝑐
′, however, decreased the 443 
contribution of the longitudinal GFRP bars owing to the increased concrete stiffness, which 444 
was getting closer to the GFRP-bar stiffness. The contribution of longitudinal GFRP bars to 445 
𝑃𝑛1 of columns B-100-21.2, B-100-26.8, B-100-36.8, and B-100-44.0 was 22.1%, 11.7%, 446 
8.2%, and 6.9%, respectively. The axial load contribution of the GFRP bars was calculated by 447 
multiplying bar axial strain by bar elastic modulus and total bar area divided by 𝑃𝑛1. Cracks 448 
that widened and extended along the outer concrete cover resulted in a load reduction after 𝑃𝑛1, 449 
in which the magnitude of the drop in load capacity can be correlated to the 𝑓𝑐
′. The load drop 450 
was 15.2%, 11.5%, 10.2%, and 4.1% for columns B-100-44.0, B-100-36.8, B-100-26.8, and 451 
B-100-21.2, respectively, which emphasizes the significant contribution of the concrete cover, 452 
especially for the columns with higher 𝑓𝑐
′. This finding is consistent with Mo, et al. (2003), 453 
who observed a higher load drop in columns with higher 𝑓𝑐
′. Addressing such an issue would 454 
involve using lower concrete-cover area to gross area or increasing the lateral reinforcement to 455 
mitigate the load drop after 𝑃𝑛1, as noticed in the Group A columns. 456 
After the load drop (after 𝑃𝑛1), the Group B columns exhibited different post-loading behavior 457 
until the second axial peak load (𝑃𝑛2). Note that 𝑃𝑛2 is the contribution of the confined concrete 458 
core in addition to the longitudinal GFRP bars. Therefore, column H-100-44.0 showed higher 459 
load-deformation capacity and recorded 𝑃𝑛2 49.2% and 15.4% higher than columns B-100-460 
26.8 and B-100-36.8, respectively. This was due to the former’s higher 𝑓𝑐
′. Figure 9 shows a 461 
slightly higher stiffness after the maximum load with increasing 𝑓𝑐
′, which is due to the strength 462 
enhancement in the post-loading stage, as reported by Morales (1982). This increase was not 463 
enough, however, to increase the confinement efficiency with respect to the unconfined 464 
concrete strength (𝑓𝑐𝑜) of the columns. In fact, column B-100-44.0 showed 8.7% and 3.4% 465 
lower confinement efficiency than columns B-100-26.8 and B-100-36.8, respectively. This 466 
behavior can be explained by the significant load drop after the first axial peak load for the 467 
columns with high concrete compressive strength and emphasized the CSA S806 code (CSA, 468 
2012) recommendation of using a high volumetric ratio for high 𝑓𝑐
′.  469 
In order to further evaluate the effect of the compressive strength of concrete for hollow 470 
columns reinforced with GFRP bars, the confinement efficiency (C.E.) was calculated from the 471 
ratio of confined strength (𝑓𝑐𝑐
′ ) to the unconfined strength (𝑓𝑐𝑜
′ ) when the outer concrete surface 472 
was free of cracks (0.85𝑓𝑐
′). The confined concrete-core strength was calculated by dividing 473 
𝑃𝑛2 by the concrete-core area (𝐴𝑐𝑜𝑟𝑒). The 𝐴𝑐𝑜𝑟𝑒 was calculated based on the diameter 474 
measured from the lateral spiral centers, as was also implemented by Tobbi, et al. (2014). After 475 
𝑃𝑛2, the load–deformation behavior continued to deteriorate until the longitudinal GFRP bars 476 
and concrete core recorded the final failure load (𝑃𝑓) (Table 4). This strength degradation was 477 
caused by cracks developing in the concrete core, while the longitudinal GFRP bars were still 478 
intact and carrying the applied load. In the case of column B-100-21.2, the decrease in the slope 479 
of the load–deformation curve was due to the concrete core crushing, as initiated by the small 480 
aggregate size (3 mm) used and highlighted by the failure mode, leading to a wide load–481 
deformation curve but without enhanced peak loads. Cui and Sheikh (2010) made similar 482 
findings, concluding that using smaller aggregate size can decrease the concrete compressive 483 
strength but increase ductility. In contrast, CSA S806 code (CSA, 2012) states that more lateral 484 
spirals are needed with a small aggregate size to compensate for the loss in strength capacity. 485 
This is impractical in designing hollow concrete columns with GFRP reinforcement. On the 486 
other hand, the columns with higher 𝑓𝑐
′ evidenced lower deformation capacity at failure, despite 487 
having the same reinforcement details. To illustrate, column B-100-44.0 had a ductility factor 488 
14.1%, 31.2%, and 33.3% lower than columns B-100-36.8, B-100-26.8, and B-100-21.2, 489 
respectively (Table 4). This finding is related to the increased brittleness of concrete with 490 
higher 𝑓𝑐
′ (Cui and Sheikh, 2010, Hadhood, et al., 2016, Hadi, et al., 2017). As a result, the 491 
tested GFRP-reinforced HCCs with higher 𝑓𝑐
′ exhibited lower structural performance than 492 
those with lower 𝑓𝑐
′ but the same construction details.  493 
Load-Strain Behavior  494 
Figure 10 shows the load and axial strain (negative sign) in the longitudinal GFRP bars and 495 
lateral strain (positive sign) in the spirals for Group B columns. As shown, the axial strain 496 
measured in the longitudinal bars ascended linearly until 𝑃𝑛1. The maximum measured axial 497 
longitudinal bar strain at 𝑃𝑛1 (𝜀𝑏,𝑃𝑛1) was 3,308 𝜇𝜀, 2,318 𝜇𝜀, 2,151 𝜇𝜀, and 2,181 𝜇𝜀 in columns 498 
B-100-21.2, B-100-26.8, B-100-36.8, and B-100-44.0, respectively. This represents 10% to 499 
16% of the ultimate tensile strain of the GFRP bars. Table 4 gives the ultimate recorded 500 
concrete strain (𝜀𝑐,𝑃𝑛1) in columns B-100-26.8 and B-100-36.8 as 3,162 𝜇𝜀 and 2,013 𝜇𝜀, 501 
respectively, which is close to the recorded axial strain in the GFRP bars, while column H-100-502 
44.0 recorded a strain of only 1,604 𝜇𝜀, owing to early crack formation in the outer concrete 503 
cover. Moreover, the increase of 𝑓𝑐
′ reduced the spiral engagement at 𝑃𝑛1 [Table 4], since 504 
Poisson’s ratio decreases as 𝑓𝑐
′ increases, as also suggested by Simmons (1955). Generally, the 505 
strain readings (𝜀𝑠,𝑃𝑛1) were less than 5% of the ultimate tensile strain of the GFRP spirals at 506 
𝑃𝑛1. 507 
After the concrete-cover spalling, GFRP bars and spirals experienced an increase in strain 508 
values, suggesting the outward deformation of the column and activation of reinforcement 509 
confining pressure on the concrete core. At failure, the maximum axial compressive strain 510 
measured in the longitudinal bars was 8,056 𝜇𝜀, 10,692 𝜇𝜀, 14,700 𝜇𝜀, and 1,0940 𝜇𝜀 (38.4%, 511 
50.9%, 70%, and 52.1% of tensile strain) in columns B-100-21.2, B-100-26.8, B-100-36.8, and 512 
B-100-44.0, respectively, as can be seen in Fig. 10. Figure 10 also shows that the lateral strain 513 
in the spirals plateaued after 𝑃𝑛1 in columns B-100-21.2, B-100-26.8, and B-100-36.8 until 514 
reaching of 3,052 𝜇𝜀, 12,740 𝜇𝜀, and 15,883 𝜇𝜀. Although the spirals in column B-100-44.0 515 
showed a strength enhancement, it was stopped early at 2,742 𝜇𝜀 because of bar rupture. 516 
Moreover, the low spiral strain recorded by column B-100-21.2 is related to the specimen’s 517 
failure mode, since the unconfined concrete part was gradually smashed without effective 518 
engagement from the lateral GFRP spirals.   519 
Volumetric Strain Behavior  520 
The tested HCCs exhibited an increase in volumetric strain with increasing 𝑓𝑐
′ [Fig. (11)]. 521 
Similar to Group A columns, a lateral strain factor of 3 gives a slope of (1-2v). In general, a 522 
negative volumetric strain was observed owing to the concrete cover spalling. An ascending 523 
slope was then observed due to the lateral expansion of the GFRP spirals, with the slope 524 
descending again when the concrete core failed. Interestingly, column B-100-44.0 showed no 525 
negative volumetric strain, which means high shortening axial strain with insignificant lateral 526 
expansion. This resulted in a volume reduction phenomenon due to the high energy stored in 527 
the concrete and longitudinal bars ended with a massive failure in those components owing to 528 
the lack in lateral reinforcement. In this case, more spirals are recommended to reinforce 529 
hollow concrete columns with high 𝑓𝑐
′, as indicated by CSA S806 code (CSA, 2012). This 530 
finding is supported by the low lateral strain in Fig. 10 owing to the low lateral expansion of 531 
the high compressive-strength concrete because of the Poisson’s ratio effect, as suggested by 532 
Simmons (1955). 533 
THEORETICAL PREDICTION 534 
Design-Load Capacity 535 
The first peak (𝑃𝑛1) in the load–deformation curve (Figs. 4 and 9) was considered the maximum 536 
design capacity of the specimens. This peak represents the contribution of the gross concrete 537 
and the longitudinal GFRP bars in compression. It should be noted that current design standards 538 
ignore the contribution of GFRP bars (CSA, 2012, ACI, 2015) in compression members. The 539 
concrete contribution was calculated by multiplying 𝑓𝑐
′ and the cross-sectional area of the 540 
concrete (𝐴𝑐), excluding the bar area. A reduction factor (ɑ2) of 0.85 for 𝑓𝑐
′ less than 50 MPa 541 
was applied, as suggested by ACI 318-8 code (ACI, 2008) and AS3600 code (AS3600, 2011), 542 
representing the difference between full-scale reinforced-concrete columns and concrete 543 
cylinders in terms of the strength, size, and shape. On the other hand, the GFRP bars’ load 544 
contribution was calculated as the product of the axial strain in the longitudinal GFRP bars 545 
(𝜀𝐹𝑅𝑃) at 𝑃𝑛1, the elastic modulus of the GFRP bars (𝐸𝐹𝑅𝑃), and the nominal cross-sectional 546 
area (𝐴𝐹𝑅𝑃). It should mentioned that the axial load contribution of GFRP bars at 𝑃𝑛1 varied 547 
from 6.9% to 25.2%, with the higher 𝑓𝑐
′ values leading to a significant reduction in this 548 
percentage. The experimental results show that the maximum recorded axial strain of 549 
longitudinal bars at 𝑃𝑛1 was 0.003, so this value was used in predicting the design-load capacity 550 
(𝑃𝑛), as shown in Eq. (2) and Table 5. Interestingly, this strain value is consistent with the 551 
ultimate concrete strain in compression recommended by ACI 318-14M (ACI, 2014). This 552 
strain value is also similar to the findings of Park and Paulay (1975) and Sheikh and Uzumeri 553 
(1980), who observed concrete-cover spalling at a strain between 0.003 and 0.004. For 554 
comparison, the load capacity of the HCCs neglecting the contribution of the GFRP bars was 555 
also calculated and compared with the experimental results (see Table 5).  556 
𝑃𝑛 = 𝛼2 × 𝑓𝑐
′ × 𝐴𝑐 + 0.003 × 𝐸𝐹𝑅𝑃 × 𝐴𝐹𝑅𝑃                                                                      Eq. (2)     557 
Second Peak Load and Failure Point 558 
Reinforcing the HCCs laterally with GFRP spirals resulted in the columns to exhibit post-559 
loading behavior as a result of lateral confinement. The spirals laterally restricted the expansion 560 
of concrete core and limiting buckling of the longitudinal GFRP bars, allowing the columns to 561 
keep resisting applied loads until reaching 𝑃𝑛2 and showing the maximum confined strength. 562 
The contribution of the GFRP spirals [Fig. 12(a)] was determined by evaluating the relationship 563 
between the confining stress (𝑓𝑙) [Eq. (4)], as a function of the lateral confinement stiffness 564 
ratio (𝜌𝑣) [Eq. (3)], and the effective concrete-core strength (𝑓𝑐𝑒) [Eq. (7 and 8) and Fig. (13)]. 565 
A confinement effectiveness factor (𝐾𝑒) [Fig. 12(b)] was applied to account for the 566 
discontinuity in the lateral confining stress in the concrete core at the unconfined sections 567 
between spirals [Eq. (6)]. Equation (4) was adopted from Karim, et al. (2016), who evaluated 568 
the lateral confinement of the solid GFRP-reinforced columns, and Eq. (6) from Mander, et al. 569 
(1988) to reduce the lateral-stress effectiveness caused by the discontinuous lateral 570 
confinement. Both equations take into account the inner void. Ratio of the average recorded 571 
spiral strain (𝜀𝑠,𝑃𝑛2) to the ultimate tensile strain of spirals (𝐾𝜀) in Eq. (4) equals to 0.39. The 572 
influence of the lateral-stiffness ratio (𝜌𝑣) on the effective concrete strength (𝑓𝑐𝑒) was obtained 573 
and plotted in Fig. 13. The decreasing trend line represents the effect of ,spiral spacing [Eq. 574 
(7)], while the increasing trend line represents the effect of increasing concrete compressive 575 
strength [Eq. (8)]. These trends are valid for the test results of this study. The contribution of 576 
the GFRP bars at the second peak load (𝜀𝑏,𝑃𝑛2) was measured experimentally corresponding to 577 
an average axial strain equal to 0.0095 (Table 3 and 4). This strain value was therefore taken 578 
as the maximum strain of the confined concrete core. This axial-strain value evidently is close 579 
to 0.010 and 0.008, as suggested by Zahn, et al. (1990) and Hoshikuma and Priestley (2000), 580 
respectively, for the maximum observed axial strain of the confined concrete in steel-reinforced 581 
hollow concrete columns. The theoretical second peak load (𝑃𝑛2𝑡) can then be calculated by 582 
adding the contribution of the confined concrete core and the GFRP bars at an axial strain 583 
(𝜀𝐹𝑅𝑃2) of 0.0095 [Eq. (9)]. It was observed that the GFRP bars contributed in a range of 40% 584 
to 69% from 𝑃𝑛2 and was negatively affected by increasing 𝑓𝑐
′ values. The axial-load 585 
contribution of the GFRP bars at 𝑃𝑛2 was calculated by multiplying 𝜀𝑠,𝑃𝑛2by 𝐴𝐹𝑅𝑃 and 𝐸𝐹𝑅𝑃 586 
and then divided the result by the corresponding 𝑃𝑛2. 587 
Table 6 shows the comparison between the theoretical and experimental results, which are in 588 
good agreement. Nevertheless, the 𝑃𝑛2𝑡 of column H-50-26.8 corresponds to 85% of the 𝑃𝑛2 589 
due to the lower predicted axial strain of the GFRP bars compared to the experimental one. 590 
Consequently, a more comprehensive study is required to investigate the compressive behavior 591 
of GFRP bars with different unbraced lengths. On the other hand, 𝑃𝑛2𝑡 of column H-100-21.2 592 
corresponds to 118% of the 𝑃𝑛2 due to the use of different size aggregate, which reduced the 593 
sample’s overall strength.  594 
𝜌𝑣 =
𝑘𝑒 𝑓𝑙
𝑓𝑐
′                                                                                                                                    (3) 595 
𝑓𝑙 =
2𝐴ℎ𝐾𝜀𝑓𝑏𝑒𝑛𝑡
𝑆(𝐷𝑠−𝐷𝑖)
                                                                                                                          (4) 596 
𝑓𝑏𝑒𝑛𝑡 = (0.05
𝑟
𝑑𝑏
+ 0.3)𝑓𝑢 ≤ 𝑓𝑢 (CSA, 2012)                                                                                              (5) 597 
𝑘𝑒 =
𝐴𝑐𝑒
𝐴𝑐𝑐
=
𝜋
4
((𝐷𝑠− 
𝑆′
4
)
2
−𝐷𝑖
2)
𝜋
4
 (𝐷𝑠
2−𝐷𝑖
2)(1−𝜌𝑒)
                                                                                                       (6) 598 
𝑓𝑐𝑒 = 4.4 ln(𝜌𝑣) + 31.3                                                                                                           (7) 599 
𝑓𝑐𝑒 = 0.57𝜌𝑣
−1.6                                                                                                                      (8) 600 
𝑃𝑛2𝑡 = 𝑓𝑐𝑒𝐴𝑐𝑐 + 𝜀𝐹𝑅𝑃2𝐴𝐹𝑅𝑃𝐸𝐹𝑅𝑃                                                                                             (9) 601 
where 𝐷𝑠 and 𝐷𝑖 are the concrete core diameter and the void diameter, respectively. 𝑆 and 𝑆
′ 602 
are the center-to-center distance and the clear spacing between spirals, respectively. 𝐴𝑐𝑒 is the 603 
concrete core area with the damage effect, whereas, 𝐴𝑐𝑐 is the concrete core area excluding the 604 
longitudinal bars area.  605 
CONCLUSIONS  606 
This study investigated the effect of using various lateral spiral spacing and the effect of 607 
concrete compressive strength on the behavior of concentrically loaded hollow concrete 608 
columns reinforced with GFRP bars. Moreover, the applicability of the existing equations for 609 
determining the design-load capacity of GFRP-reinforced concrete members in compression 610 
was validated, and a model was proposed to describe the post-loading behavior of the columns. 611 
Based on the results of this study, the following conclusions can be drawn. 612 
 The GFRP-reinforced hollow concrete columns with closer lateral spiral spacing 613 
exhibited higher axial-load capacity than those with broader spacing owing to the early 614 
activation of confinement. Decreasing the spacing from 150 mm to 50 mm increased 615 
the capacity by 8%. Moreover, narrowing the spiral spacing led to more progressive 616 
failure of the concrete core and longitudinal bars. 617 
 Reducing the spiral spacing from 150 mm and 100 mm to 50 mm increased the 618 
ductility and confined strength of the columns by 98% and 69%, respectively. This 619 
outcome was due to the increased axial-strain capacity of the longitudinal bars with 620 
reduced unbraced length and less extent of the unconfined concrete core between 621 
spirals.  622 
 Using concrete with higher compressive strength increased the axial-load capacity and 623 
stiffness of the columns by up to 107% and 70%, respectively, due to the concrete 624 
higher elastic modulus. Column failure, however, changed from ductile to brittle.  625 
 The columns made with concrete with higher compressive strength had lower 626 
confinement efficiency and ductility compared to the columns with lower compressive 627 
strength. Increasing the concrete compressive strength from 21.6 MPa to 44.0 MPa 628 
decreased the confinement efficiency and ductility by 7% and 50%, respectively, due 629 
to the higher brittleness of concrete with higher compressive strength. 630 
 The design-load capacity of GFRP-reinforced hollow concrete columns can be 631 
reliably predicted by considering the contribution of the concrete gross section and the 632 
longitudinal GFRP bars at 0.003 axial strain. Herein, the contribution of the 633 
longitudinal GFRP bars to load capacity ranged from 10% to 20%. 634 
 The second peak-load capacity of hollow concrete columns reinforced with GFRP bars 635 
can be described well by considering the contribution of the longitudinal GFRP bars 636 
at an ultimate axial strain of 0.0095 and the effective area of the confined concrete 637 
core.  638 
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  747 
FOOTNOTES 748 
This manuscript includes the following symbols:  749 
𝛼2 = Effect of the concrete compressive strength factor (0.85) 
     𝐴𝑔 = Total cross-section area (mm
2) 
𝐴𝑐𝑜𝑟𝑒 = Effective core area denoted by the distance between spiral centres (mm
2) 
   𝐴𝑐 = Concrete area in the section (without the area of GFRP bars) (𝐴𝑔 − 𝐴𝐹𝑅𝑃) (mm
2) 
    𝐴𝑐𝑐 = Concrete core area (without the area of GFRP bars) (𝐴𝑐𝑜𝑟𝑒 − 𝐴𝐹𝑅𝑃) (mm
2) 
     𝐴𝑐𝑒 = Area of the concrete core excluding the crushed concrete part due to unconfined concrete 
between the spirals (mm2) 
𝐴𝐹𝑅𝑃 = Total area of the GFRP bars (mm
2)  
      𝐴ℎ = GFRP-spiral cross-sectional area (mm
2) 
𝐶. 𝐸. = Confinement efficiency 
𝛥𝑦 = Yield deformation (mm) 
𝛥𝑢 = Ultimate deformation (mm) 
𝐷. 𝐹. = Ductility factor 
       𝑑𝑏 = Bar diameter of lateral reinforcement (mm) 
       𝐷𝑖 = Diameter of the inner void (mm) 
      𝐷𝑠 = Diameter of spirals on-centres (mm) 
𝜀𝑏,𝑃𝑛1 = Axial strain of GFRP bars at 𝑃𝑛1 
𝜀𝑏,𝑃𝑛2 = Axial strain of GFRP bars at 𝑃𝑛2 
𝜀𝑐,𝑃𝑛1 = Maximum recorded concrete strain at 𝑃𝑛1  
𝜀𝑐𝑜 = Unconfined concrete strain 
𝜀𝐹𝑅𝑃2 = Maximum strain of the GFRP bars at 𝑃𝑛2 
𝜀𝑠,𝑃𝑛1 = Axial strain of GFRP spirals at 𝑃𝑛1 
𝜀𝑠,𝑃𝑛2 = Axial strain of GFRP spirals at 𝑃𝑛2 
𝜀𝑢 = Ultimate tensile strain 
𝐸𝐹𝑅𝑃 = Elastic modulus of GFRP bars (MPa)  
𝑓𝑏𝑒𝑛𝑡 = Tensile strength of bent GFRP bars, ACI 400.1R-15 (ACI, 2015) (MPa) (Eq. 5)  
𝑓𝑐
′ = Concrete compressive strength at the day of testing the HCCs (MPa)  
𝑓𝑐𝑐
′ = Confined strength of the concrete core after concrete-cover spalling (MPa)  
𝑓𝑐𝑜 = Unconfined concrete strength (0.85𝑓𝑐
′) (MPa) 
𝑓𝑐𝑒 = Effective concrete strength (MPa) (Eqns. 7 and 8) 
𝑓𝑙 = Lateral confining stress (MPa) (Eq. 4)  
𝑓𝑢 = Ultimate tensile strength of GFRP reinforcements (MPa) 
𝑘𝑒 = Reduction factor regarding the vertical unconfined area between spirals (Eq. 6) 
𝐾𝜀 = The proportion of ultimate strain in GFRP spirals before failure to their ultimate tensile 
strength (0.39 as an average)  
𝑃𝑛1 = First axial peak load (kN)  
𝑃𝑛 = Theoretical design load capacity (kN)  
𝑃𝑛2 = Experimental second axial peak load (kN)  
𝑃𝑛𝑡2 = Theoretical second axial peak load (kN)  
𝑃𝑓 = Failure load (kN) 
𝜌 = Reinforcement ratio with respect to the total cross-section area (𝐴𝑔) 
𝜌𝑒 = Effective reinforcement ratio with respect to the effective core area 
𝜌𝑣 = lateral stiffness ratio (Eq. 3) 
𝑟 = Inner radius of the spiral (mm) 
𝑆 = Vertical spacing of spirals on-centres (mm)  
𝑆′ = Clear vertical spacing between spirals (mm) 
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Table 1. Properties for the GFRP reinforcement (Benmokrane, et al., 2017) 773 
Property Test Method Sample No. 5 No. 3 
P
h
y
si
ca
l Nominal bar diameter, mm 
CSA S806, Annex 
A (CSA, 2012) 
9 15.9 9.5 
Nominal bar area, mm2 
CSA-S806, Annex 
A (CSA, 2012) 
9 
198.5 70.8 
Actual bar’s cross-sectional area 
by immersion test, mm2 
224.4 
(1.2) 
83.8 
(1.9) 
M
ec
h
a
n
ic
a
l 
Ultimate tensile strength, 𝑓𝑢(MPa) 
ASTM 
D7205/D7205M-
06 (ASTM, 2011b) 
6 
1237 
(33.3) 
1315 
(31.1) 
Modulus of elasticity, 
𝐸𝐹𝑅𝑃 (GPa) 
ASTM 
D7205/D7205M-
06 (ASTM, 2011b) 
6 
60.0 
(1.3) 
62.5 
(0.4) 
Ultimate strain, 𝜀𝑢(%) 
ASTM 
D7205/D7205M-
06 (ASTM, 2011b) 
6 
2.1 
(0.1) 
2.3 
(0.1) 
 774 
  775 
 776 
Table 2. Concrete-column matrices and details 777 
 778 
 779 
Specimens  
Volumetric Ratio  Spacing  Concrete Compressive Strength 
(%) (mm) (MPa) 
A-N/A-26.8 0.00 N/A 26.8 
A-150-26.8 1.28 150 26.8 
A&B-100-26.8 1.93 100 26.8 
A-50-26.8 3.84 50 26.8 
B-100-21.2 1.93 100 21.2 
B-100-36.8 1.93 100 36.8 
B-100-44.0 1.93 100 44.0 
 780 
Table 3. Test results of group A columns 781 
Sample 
Stiffness 𝑷𝒏𝟏 
Yield 
deformation, 
∆𝑦  
𝑷𝒏𝟐 
Ultimate 
deformation, 
∆𝑢  
𝑷𝒇 
D.F. 
𝒇𝒄𝒄
′  
C.E. 
𝜺𝒄,𝑷𝒏𝟏 𝜺𝒃,𝑷𝒏𝟏  𝜺𝒃,𝑷𝒏𝟐 𝜺𝒔,𝑷𝒏𝟏 𝜺𝒔,𝑷𝒏𝟐  
kN/mm kN mm kN mm kN MPa 𝜇𝜀 𝜇𝜀 𝜇𝜀 𝜇𝜀 𝜇𝜀 
A-N/A-26.8 177 1,022 7.3 - - - - - - 1,455 1,645 - - - 
A-150-26.8 163 1,108 8.3 1,110 16.1 1,083 1.94 50.5 2.20 1,952 3,902 10,070 2,435 4,478 
A-100-26.8 132 1,189 9.3 1,102 23.3 1,015 2.53 50.1 2.19 2,162 2,318 8,951 1,104 8,850 
A-50-26.8 120 1,197 11.4 1,434 43.9 1,002 3.85 65.2 3.07 2,524 3,884 12,850 2,514 6,318 
 782 
  783 
 784 
Table 4. Test results of group B columns 785 
Sample 
Stiffness 𝑷𝒏𝟏 ∆𝑦  𝑷𝒏𝟐 ∆𝑢  𝑷𝒇 D.F. 𝒇𝒄𝒄
′  
C.E. 
𝜺𝒄,𝑷𝒏𝟏  𝜺𝒃,𝑷𝒏𝟏  𝜺𝒃,𝑷𝒏𝟐  𝜺𝒔,𝑷𝒏𝟏 𝜺𝒔,𝑷𝒏𝟐 
kN/mm kN mm kN mm kN MPa 𝜇𝜀 𝜇𝜀 𝜇𝜀 𝜇𝜀 𝜇𝜀 
B-100-21.2 121 907 8.0 849 21.1 642 2.64 38.6 2.14 - 3,308 7,554 1,203 3,052 
B-100-26.8 132 1,189 9.3 1,102 23.3 1,073 2.53 50.1 2.19 2,162 2,318 8,951 1,104 8,850 
B-100-36.8 169 1,570 9.5 1,424 19.5 1,309 2.05 64.7 2.07 2,013 2,151 9,509 823 11,856 
B-100-44.0 196 1,880 9.6 1,644 16.9 1,481 1.76 74.8 2.00 1,604 2,181 9,143 361 2,673 
 786 
 787 
 788 
Table 5. Comparison between experimental and theoretical axial-load capacity values 789 
Column 
Experimental 
Load Capacity 
(kN) 
Theoretical Load (CSA, 
2012, ACI, 2015) (kN) 
(Error %) 
Theoretical Load in 
Proposed Model (kN) 
(Error %) 
A-N/A-26.8 1,022 973 (5%) 1,160 (-12%) 
A-150-26.8 1,108 973 (12%) 1,160 (-5%) 
A/B-100-26.8 1,189 973 (18%) 1,160 (2%) 
A-50-26.8 1,197 973 (19%) 1,160 (3%) 
B-100-21.2 907 770 (15%) 962 (-6%) 
B-100-36.8 1,570 1,336 (15%) 1,513 (3%) 
B-100-44.0 1,880 1,597 (15%) 1,767 (6%) 
Average error  - 14% 2% 
 790 
  791 
 792 
Table 6. Comparison between the theoretical and experimental second peak load 793 
Column 𝒌𝒆 
𝒇𝒍 𝝆𝒗 
𝒇𝒄𝒆 𝑷𝒏𝟐𝒕 𝑷𝒏𝟐𝒕 / 𝑷𝒏𝟐 (MPa) (MPa) (kN) 
A-150-26.8 0.60 3.7 0.084 19.4 1,082 0.97 
A&B-100-26.8 0.75 5.6 0.157 21.4 1,124 1.01 
A-50-26.8 0.92 11.2 0.383 25.2 1,203 0.85 
B-100-21.2 0.75 5.6 0.199 15.4 999 1.18 
B-100-36.8 0.75 5.6 0.115 36.6 1440 1.01 
B-100-44.0 0.75 5.6 0.096 48.7 1691 1.03 
 794 
 795 
  
(a) Longitudinal GFRP bars (b) GFRP spirals 
Fig. 1. GFRP reinforcement 
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Fig. 2. Typical cross section of columns and lateral spiral details 
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(a) Location of strain gauges (b) Test setup 
Fig. 3. Test setup and instrumentation for the hollow concrete columns 
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(a) A-N/A-26.8 (b) A-150-26.8 (c) A-100-26.8 (d) A-50-26.8 
Fig. 4. The final failure of the columns in Group A 
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Fig. 5. Load–deformation behavior of group A columns 
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Fig. 6. Axial and lateral strain versus applied load for Group A columns 
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(a) First peak-load enhancement  (b) Volumetric-strain versus axial-strain behavior 
Fig. 7. Strength enhancement and volumetric-strain behavior of Group A columns 
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(a) B-100-21.2 (b) B-100-26.8 (b) B-100-36.8 (c) B-100-44.0 
Fig. 8. The final failure of Group B columns  
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 Fig. 9. Load–deformation behavior of group B columns  
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Fig. 10. Axial and lateral strain versus applied load for Group B columns 
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Fig. 11. Volumetric strain versus axial strain for Group B columns 
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(a) Lateral confinement (b) Confinement effectiveness factor 
Fig. 12. Lateral-confinement mechanism and confinement effectiveness factor 
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Fig. 13. Influence of lateral stiffness ratio (𝜌𝑣) on the effective concrete strength (𝑓𝑐𝑒) 
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columns (AlAjarmeh et al., 2019) 
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The reviewer’s suggestion was 
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in lines 291. 
15 Tables 3 & 4: define the different 
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This suggestion was implemented 
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includes all the notations used in 
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16 Figs. 6 & 10: Lines will not print well 
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This suggestion was implemented. 
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No. Reviewer’s comments Authors’ responses 
1 Editorial and sentence formation could 
be improved throughout the paper by 
proper sentence formations, e.g., lines 
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This correction was implemented 
in the locations identified (see 
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165-166. The whole manuscript 
was checked; grammar and 
language errors were corrected. 
2 Several sentences need intelligent 
interpretation and if authors explain it 
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revisions the meanings will be clear. 
This suggestion was implemented. 
The whole manuscript was 
checked; grammar and language 
errors were corrected. 
3 For example, D.F. in tables implies 
ductility factor (D.F.) but the readers 
have to decipher those terms though 
the term may also mean deformability 
factor, which is not the case here. 
This suggestion was implemented 
by adding a new section (lines 
743-745) providing all the 
notations used in the manuscript.  
4 Some of the terms such as first peak 
and second peak should be identified in 
the figures for clarity. 
This was addressed in the response 
to comment 14 by the associate 
editor. 
5 Meaning of terms such as post-loading 
behavior in Line 591 and earlier 
locations is unclear and shouldn't be 
left to the reader interpretation. 
 
This was addressed in the response 
to comment 6 by the associate 
editor. 
6 Eqn. (2) is incorrect as provided and 
needs correction with the signs. 
This correction was implemented in 
line 556. 
7 Figures need to be identified with 
locations of the beginning of 
confinement activation as mentioned in 
several instances within the paper. 
 
This was addressed in the response 
to comment 14 by the associate 
editor. More descriptions of the 
beginning of the confinement 
activation were also added in lines 
268-269, 281, and 286. 
8 Terms such as first peak and second 
peak load need to be identified in 
figures for reader clarity. 
This was addressed in the response 
to comment 14 by the associate 
editor.. 
9 Explanation on use of 0.003 for 
longitudinal strain in FRP bars for 
compressive strength calculation is not 
convincing and needs better supporting 
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of 0.003 for longitudinal strain in 
FRP bars for compressive strength 
calculation was added in lines 551-
553 to clarify the concerns of the 
reviewer. 
10 Similar to item 10, use of 0.0095 for 
secondary peak load also needs 
explanation and the percentage 
contribution to total compressive 
strength between the strain of 0.003 
and 0.0095 need to be mentioned. 
The explanation on the use of 
0.0095 to calculate the secondary 
peak load can be found in lines 576-
578. Additional information to 
support this approach was provided 
in lines 583-586. 
11 Lines 602 and 603 need to separately 
identify the strength and stiffness 
enhancement ranges since the 
statement appears to provide confusing 
conclusion. 
This correction was implemented in 
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This paper presents results from an experimental investigation into the effect of 
spiral spacing and concrete compressive strength on the load capacity and failure 
behaviour GFRP reinforced hollow concrete column test specimens. At the end 
of the manuscript the use of a few existing empirical formulae for the prediction 
of the failure load of the column test specimens is also presented. Despite the 
paper is well-written and the key information are presented, the paper does not 
contribute to an advance of the existing knowledge. The major results "reduction 
of spiral spacing resulted in increase axial load capacity" and "use of high strength 
concrete increased the load capacity but reduced the ductility " are well known 
and previously shown by many authors, including the some authors of this paper. 
The experimental arrangements and the test specimen geometries and 
reinforcement details are limited to those investigated in the previously published 
papers. An experimental investigation of different design parameters and column 
geometries would have been a good objective for this paper.   My 
recommendation is that the paper should be rejected. 
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The authors would like to thank the reviewer for his efforts and time in reviewing 
the paper. In the following table, the authors have attempted to respect and 
answer the reviewers’ comments.   
 
No. Reviewer’s comments Authors’ responses 
1 At the end of the manuscript the use 
of a few existing empirical formulae 
for the prediction of the failure load 
of the column test specimens is also 
presented. Despite the paper is well-
written and the key information are 
presented, the paper does not 
contribute to an advance of the 
existing knowledge. The major 
results "reduction of spiral spacing 
resulted in increase axial load 
capacity" and "use of high strength 
concrete increased the load capacity 
but reduced the ductility " are well 
known and previously shown by 
many authors, including the some 
authors of this paper. 
The motivation, objectives, and novelty of 
the work presented in the manuscript are 
highlighted in the Introduction. Many 
significant new findings were discussed 
and presented, which will provide a 
better understanding of the behavior of 
hollow concrete columns reinforced with 
GFRP bars. These significant 
contributions were recognized and 
commended by Reviewers 1 and 2.   
 
While the reviewer indicated that some 
existing empirical formulas were used in 
this study, these formulas were developed 
for steel-reinforced hollow columns and 
GFRP-reinforced solid concrete 
columns. The experimental work and the 
data obtained from the current work 
enabled the authors to determine the 
applicability of these formulas and to 
modify them to predict the behavior of 
hollow concrete columns reinforced with 
GFRP bars and spirals. These developed 
and proposed new equations were 
substantially different from the previous 
studies and contribute new knowledge to 
the field.  
2 The experimental arrangements and 
the test specimen geometries and 
reinforcement details are limited to 
those investigated in the previously 
published papers. An experimental 
investigation of different design 
parameters and column geometries 
would have been a good objective 
for this paper. 
The authors acknowledge this comment 
from the reviewer. The work presented in 
the current manuscript is a part of 
comprehensive testing program aimed at 
gaining a detailed understanding of the 
effect of critical design parameters on the 
compressive behavior of hollow circular 
concrete columns reinforced with GFRP 
bars and spirals. The results of the 
significant findings from the research 
that investigated the effect of cross-
sectional configurations (inner-to-outer 
diameter ratio) and the different 
reinforcement ratios have now been 
published in Alajarmeh et al. (2019a) and 
Alajarmeh et al. (2019b), respectively. 
These significant findings, which are 
related to the current paper, were added 
in the Introduction (lines 93-102), and in 
Specimen Details (lines 161-164 and 
170-172) to differentiate the scope and 
highlight the novelty of the current work.  
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